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Protein, Chemical, Structural, and
Evolutionary Aspects
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Abstract

Preparations and protein chemical characterizations performed with cyto-
chrome ¢ oxidase (E.C. 1.9.3.1) from the purple bacterium Paracoccus denitri-
ficans are reviewed. The simplest catalytically competent complex of the
enzyme consists of two subunits of 62012 and 27999 Da. The theoretical heme
afprotein ratio of the purified enzyme is 22.0 nmol/mg. The amino acid
sequences of both proteins are compared with examples of subunits I and II
of mitochondrial terminal oxidases from the main kingdoms of eukaryotes.
The significance of the emerging conserved features such as membrane pene-
tration patterns, invariant residues, stoichiometry, and sites of prosthetic
groups are discussed. The Paracoccus enzyme represents the only prokaryotic
oxidase detailed so far, which is directly related to the mitochondrial oxidases
by common ancestry in the growing O, atmosphere.

Key Words: Cytochrome ¢ oxidase; membrane protein preparation; endo-
symbiosis; purple bacteria; mitochondrial origin; metal analysis; protein—
metal stoichiometry; O, atmosphere; 16s rRNA phylogeny.

Introduction

At the beginning of the century, discoverers of mitochondria recognized their
histological similarity with bacteria (Altmann, 1890). These microscopists
thus started a series of descriptions which later were carried on by bio-
chemists, unraveling the self-contained inner membrane (cardiolipin), the
prokaryotic type of protein biosynthesis (small ribosomes, formyl methionine,
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circular DNA) of this organelle, finally reaching the field of molecular
genetics with the description of the systematic position of mitochondria by
comparative sequence analysis of their 16s rRNA as prokaryote-like
symbionts derived from the a-group of purple bacteria (Woese, 1987). This
evidence then means that bacteria of this group should best resemble the
biochemical heritage which mitochondria introduced into the eukaryotic cell.

Mitochondria are the site of cellular respiration and energy conser-
vation, and this central biochemical function of the eukaryotic cells may
therefore in nuce be seen in nonphotosynthetic purple bacteria. Paracoccus
denitrificans is among this group. Catalysis of the reaction

4Cyt ** + 8H; + O, = 4Cyt " + 4H; + 2H,0

by cytochrome ¢ oxidase (EC 1.9.3.1) may in essence be studied with the
Paracoccus enzyme (Azzi et al., 1985).

Another aspect coming into play with these bacteria is that photosyn-
thesis is still active in several species of this group. The photosynthetic
reaction center, the only complex membrane proteins so far successfully
crystallized and solved by X-ray analysis (Deisenhofer ez al., 1985), has been
obtained from Rhodopseudomonas viridis while other lines of these bacteria,
among them Paracoccus, have lost this capability. Nevertheless the existing
relationship between photosynthesis and respiration may with advantage be
studied here. By analogy, cytochrome ¢ oxidase prepared from Paracoccus
denitrificans seems to be a good choice for the successful 3d-crystallization
and X-ray analysis of this important enzyme.

As had already been suggested (Buse et al., 1983), after discovery of the
relatively close relationship and functional similarity at the first isolation of
the terminal oxidase, the two-subunit enzyme (Ludwig and Schatz, 1980),
there exists also the genetic information homologous to subunit III of mito-
chondrial enzymes in this organism and, depending on the preparation
(Raitio et al., 1987), the enzymatic function may be recognized in different
protein aggregation states, among them the three-subunit oxidase (Haltia
et al., 1988).

The protein chemical outlines given in this article, however, mainly refer
to the most simple form of the catalytically competent enzyme isolated from
this bacterium, the two-subunit oxidase.

Preparation of Cytochrome ¢ Oxidase from Paracoccus denitrificans
The first preparation of cytochrome ¢ oxidase from Paracoccus denitri-

ficans was described by Ludwig and Schatz (1980). Their preparation
protocol started with the disruption of the cells, sedimentation of a



271

Paracoccus Cytochrome Oxidase

‘suonoely wisjold swey SNOLIRA JO BI10ads SOUSISHIP PAZIPIXO-SNULI-PAONPAX

MOTS $119SUT “I3|ng SWES 3Y} Ul [DBN A [0 WO} 1udIpesd Jeoul] & [HM pajnd 2lom Suiold "VIAd WW g Pue 001-XI %1 (8L Hd)
areydsoyd wissejod W Q] ut (Wog x () mofq 158 asoreydsg-O) U0 aSEPIXO 2 JWOIYD0}AD apnid jo Aydeifojeworyo sgueyoxs-uof °f *Siyg

hw] awnjon uonn3

1€E0 -—- wuQgz
— wuQger
4170 1D

253UDqJOSqQY

(v ) 0¢
:nmE ‘Jowu]
uidjoud; o sway

asoJoydas - D




272 Buse and Steffens

100% B/} 100%8 | 100%8 i~
a H i b I c i
] [t [
Absorbance ! ! D ! l:
277nm ;o Do fo
[ ) [
[ - -
) ! |
I | ! | ! I
. [ P
' 1 ' i 1
I
. b o
/ 4
/50% 8| ‘80%B ! /60%B|
/ I / | |
; 1 / | ,/ |
oau ! 01 AU / | 01AU K !
/ / ! ’ I
/ i / 1 ,
4 1 / 1 , !
7/ | / 1 I
| : ’ :
A | | /
|
/ | / ! ! !
— ! s I / i
20%8, : 20%8; L 20%8, ;
I}
i

i 7 ! ,‘ [ 4 \ l’ % :
! i /! i ! ;

I !
] . ! ! [a— : ' —_— !

0%8-~ 10 min. - - 10 min. . t-n_r;le - 10 min. -

Fig. 2. Series of consecutive chromatographic steps on Mono Q. In experiment a, the crude
product from Q-Sepharose with an //p of 1.5nmol/mg is further purified. The material corre-
sponding to the shaded area was used for further purification and/or final characterization.

membrane-rich fraction, subsequent washing of the crude membranes with
deoxycholate, and solubilization of the cytoplasmic membranes with Triton
X-100 (TX-100). By fractionated ammonium sulfate precipitation and ion-
exchange as well as gel-filtration chromatography the enzyme was purified to
homogeneity of the protein components. Polyacrylamide gel electrophoresis
revealed a clear two-subunit structure. The apparent molecular masses were
estimated to 45,000 and 28,000 (Ludwig and Schatz, 1980). The enzyme was
suggested to be a monomer under these conditions (Ludwig et al., 1982). The
overall yield of this preparative procedure was about 11%, similar to that
obtained in preparations of cytochrome ¢ oxidases from other bacterial
sources (Fukumori et al., 1985; Sone and Yanagita, 1982; Yoshida ez al.,
1984). This rather low yield, and the nevertheless elaborate isolation
procedure, prompted Steffens et al. (1987) to improve the method by intro-
ducing newly developed separation matrices and recently published tech-
niques. The initial steps of the procedure, i.e., homogenization, treatment
with deoxycholate, and solubilization with TX-100, were not changed. The
next step is either a gel-filtration chromatography on Ultrogel AcA 34 or
ion-exchange on Q-Sepharose. Although these steps are characterized by
relatively low yields and low purification rates (Table I) they are important
since they remove highly aggregated protein and phospholipids. The
material, which at this stage in most cases has a heme a/protein ratio of about
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Fig. 3. Polyacrylamide gel electrophoresis of the two-subunit preparation of cytochrome ¢
oxidase from Paracoccus denitrificans (lanes 2,3). For comparison the multi-subunit bovine
cytochrome ¢ oxidase is shown (lanes 1,4).

0.8 nmol/mg, is then applied to a Q-Sepharose Fast Flow column (Pharmacia
LKB). The various proteins are cluted by a linear gradient (described in
Fig. 1) or by stepwise elution with buffers of increasing NaCl molarities.
Several hemeproteins can be identified by recording reduced-minus-oxidized
different spectra. Thus cytochrome b or cytochrome o (bo) (560 nm), cyto-
chrome g, (590 nm), cytochrome aa; (604 nm), as well as several cytochromes
¢ (Fig. 1) (550-552nm) are observed. The fractions with the highest heme
afprotein ratios are pooled and used for the final purification steps by fast
protein liquid chromatography on Mono Q (Pharmacia LKB). Here purifi-
cation rates of 3-4 with repetitive yields of 80-90% are routinely achieved
(Table I and Fig. 2). Two to three consecutive chromatographies, which can

Table I.  Preparation of Cytochrome ¢ Oxidase from Paracoccus denitrificans by FPLC on

Mono Q

Heme a Protein Heme a/protein Yield’ Overall yield

(nmol)* (mg) (nmol/mg) (%) (%)
TX-100 membrane
extract 2.100 6.550 0.3 100 100
Ultrogel AcA 34 1.200 1.714 0.7 55 55
Q-Sepharose 715 477 1.5 60 36
Mono Q Run a 587° 129¢ 4.6 32 28
Mono Q Run b 529 41 13.0 90 25
Mono Q Run ¢ 467 229 21.9 88 22

“2nmol heme a correspond to 1 nmol cytochrome ¢ oxidase.

"Yield in percentage of heme a of TX-100 membrane extract.

“Since the binding capacity of Mono Q HR 10/10 is limited, only ca. 100 mg portions are used
for further purifications. The data refer to the sum of five runs.
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be performed in the course of one day, generally iead to pure two-subunit
cytochrome ¢ oxidase as demonstrated by polyacrylamide gel electrophoresis
(Fig. 3) and a heme a/protein ratio close to the theoretical value of 22.0 nmol/
mg (Table I). An overall yield (Fig. 3) of about 22% can be obtained with a
substantial saving of time (Steffens ez al., 1990).

Characterization of Cytochrome ¢ Oxidase from Paracoccus denitrificans

The Proteins

As mentioned in the introduction, preparations of cytochrome ¢ oxidase
depending on the preparation protocol and on the nature of the detergents
used (Haltia ez al., 1988), are characterized as two- or three-subunit com-
plexes or as a so-called supercomplex (Berry and Trumpower, 1985). Since
the two-subunit cytochrome ¢ oxidase was the first complex to be investigated
and clearly is more stable and thus more suited for the study of structure/
function relationships and appears to be fully enzymatically competent in
terms of the hitherto known functions of the enzyme, most studies have been
undertaken with the two-subunit complex. All data dealt with in this section
apply to this state. Table 1I gives the amino acid analyses and compositions
of the complex two-subunit cytochrome ¢ oxidase and its isolated subunits.
The analysis of the complete enzyme is compared with the sum of the
composition of the individual subunits deduced from their respective gene
structures. In the case of subunit II, the composition of the mature protein
is used (see below and Table II).

The two subunits were separated by gel-filtration chromatography on
Bio-Gel P100 in 3% SDS as described earlier (Steffens and Buse, 1976).
Aliquots of both subunits were, after reductive carboxymethylation, subjected
to total hydrolysis and subsequent amino acid analysis.

Both polypeptides were shown to be N-terminally blocked in Edman
degradation experiments (Steffens et al., 1983). The proteins were further
characterized by sequencing of cyanogen bromide and tryptic fragments. The
homologous alignments of the partial sequences to mitochondrial cyto-
chrome ¢ oxidases supported the common origin of bacterial and mito-
chondrial cytochrome ¢ oxidase and thus of bacteria and mitochondria at a
molecular level (Steffens et al., 1983). In the course of the protein chemical
studies with subunit II, both the N- and C-terminal tryptic fragments were
isolated. The N-terminal fragment was subjected to fast atom bombardment
(FAB) mass-spectrometric analysis by which the N-terminal blocking group
was identified as a pyroglutamic acid residue (Steinriicke et al., 1987). The
C-terminus was characterized by treatment with carboxypeptidase A, which
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identified two alanines and one phenylalanine as the C-terminal amino acids.
The final proof was obtained from the isolation of the C-terminal tryptic
fragment with the sequence -Glu-Glu-Phe-Ala-Ala (Steinriicke et al.,
1987). Thus, the mature subunit II is initially synthesized as a longer pre-
cursor with 297 amino acid residues. After processing in two steps by (specific)
protease(s) and post-translational modification of the new N-terminal
glutamine into a pyroglutamic derivative, the mature protein with 252
residues is formed (see Fig. 5). The sequence at the N-terminal processing site
has some characteristics in common with signal sequences around processing
sites in eukaryotic proteins (von Heijne, 1985). Also the C-terminal process-
ing may be the result of a distinct proteolytic step since the cytochrome ¢ 550
and the mature subunit II of cytochrome ¢ oxidase from Paracoccus denitri-
ficans both have identical C-termini: ~Ala-Ala (Ambler et al., 1981). Since
subunit I is also blocked by a hitherto undetermined group—possibly also
pyroglutamic acid—it is tempting to speculate that subunit I has also been
processed and post-translationally modified. The glutamine in position 4,
which is preceded by an alanine, might be a candidate on the basis of
similarity to the identified processing sites in subunit II and cytochrome ¢
550. With the exception of Asx and Gly, a fairly good agreement is observed
between the amino acid analysis of subunit I (Table II) and the composition
deduced from the gene (Raitio et al., 1987). Thus, it is likely that processing
of this chain removes only relatively small N-terminal and/or C-terminal
parts if any. The overall hydrophobicity calculated according to Kyte and
Doolittle (1982) is 0.62 for subunit T and 0.35 for subunit IT as compared to
0.73 and 0.22 respectively, for the bovine proteins.

The Metals

In bovine heart cytochrome ¢ oxidase the number of metals has been a
matter of controversy for a long period (Van Gelder and Beinert, 1969). The
observation of the stoichiometric presence of zinc and magnesium in the
bovine heart protein by Einarsdottir and Caughey (1984, 1985) using induc-
tively coupled plasma atomic emission spectroscopy has initiated a series of
(re)investigations of the metal stoichiometries in cytochrome ¢ oxidases from
various species. In the course of these studies Steffens ez al. (1987) could show
that cytochrome ¢ oxidase from bovine heart, Paracoccus denitrificans, and
Dictyostelium discoideum are characterized by the presence of three copper
atoms per two hemes a. Meanwhile they have investigated a larger number
of preparations of both bovine heart and Paracoccus denitrificans cytochrome
¢ oxidase. The results of these analyses are compiled in Table I1I.

The observation of three stoichiometric copper ions per monomer of
cytochrome ¢ oxidases is clearly confirmed for both species. Both calculation
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procedures essentially lead to the same results. Protein-correlated stoichio-
metries are directly obtained on the basis of the simultaneously determined
sulfur, which results from the protein-incorporated sulfur amino acids
cysteine and methionine. For both enzymes the data convincingly demon-
strate that monomers of the bovine heart oxidase with 94 sulfur atoms and
of Paracoccus denitrificans oxidase with 41 sulfur atoms contain three
coppers. The observation of a third copper ion does not necessarily imply its
redox activity. As a matter of fact, cytochrome ¢ oxidase from bovine heart
only accepts four electrons upon transition from the fully oxidized to the fully
reduced state, and vice versa (Steffens and Buse, 1990; Schroed! and Hartzell,
1977; Brunori et al., 1979). The recent proposal of Kroneck et al. (1988) for
a binuclear copper center at the Cu, site fits to both the observation of a third
copper ion and cytochrome ¢ oxidase being a four-electron acceptor. On the
other hand, the above data on the excellent correlation of the metal and sulfur
stoichiometries support the subunit stoichiometries proposed for bovine
heart (subunits [-XIII present in a 1 : 1 ratio) Buse et al., 1985; Verheul et al.,
1981; Merle and Kadenbach, 1980) and Paracoccus denitrificans (subunits
I-II present in a 1:1 ratio) (Ludwig and Schatz, 1980), i.e., these inves-
tigations for the first time related copper to the exact protein M, instead of
heme a.

The data of Table III also confirm the stoichiometric presence of zinc
and magnesium in the bovine protein. In the case of the bacterial enzyme,
however, these metals are not present in integral amounts. Both the zinc and
magnesium contents vary considerably from preparation to preparation.
Zinc clearly is substoichiometric, whereas the magnesium stoichiometry in
many preparations exceeds unity. Its deviation from this value (standard
deviation + 0.5) leaves doubt about its stoichiometry being integral; more
data on the magnesium stoichiometries also in other bacterial cytochromes
¢ oxidases, e.g., Rhodopseudomonas, are necessary to overcome this uncer-
tainty. The presence of substoichiometric amounts of manganese has been
observed earlier and makes the EPR investigation of the copper signals of
this enzyme difficult. Only a substantial reduction of manganese in the
culture medium reduces the manganese concentration in the cytochrome ¢
oxidase preparations and enables EPR spectra determination (Seelig et al.,
1981). It is clear from the latter data that the preparations of the Paracoccus
enzymes obtained so far are not strictly homogeneous.

The Phospholipids

The number of phospholipids bound to cytochrome ¢ oxidase from
Paracoccus denitrificans has also been determined indirectly by inductively
coupled plasma atomic emission spectroscopy (Steffens et al., 1987). In these
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experiments the number of phosphorus atoms per monomer (i.e., per 41
sulfur atoms of per 2 heme irons) was estimated to vary from -5 (Table III).
Thus, preparations of cytochrome ¢ oxidase from Paracoccus denitrificans
prepared by FPLC in TX-100 are characterized by a relatively low phospho-
lipid content. Bovine heart cytochrome ¢ oxidase, prepared according to the
authors’ method (Steffens and Buse, 1976) for comparison, binds about 21
phosphorus atoms per monomer, which, depending on the nature of the
phospholipids, means 10-20 molecules. At present no information is avail-
able on the nature of the phospholipids bound to cytochrome ¢ oxidase from
Paracoccus denitrificans, except that the plasma membrane of Paracoccus has
phosphatidylcholine as the main constituent with straight-chain fatty acids of
saturated and unsaturated type and no cholesterol (John and Whatley, 1977).

Alignment of Sequences (Homology)

Figure 4 shows the computer alignment of subunit I sequences including
one species each of the main kingdoms of eukaryotes—animals, plants, and
fungi—compared with the Paracoccus sequence. It should be noted that this
entire sequence information has primarily been obtained from DNA
sequencing; there is no protein proof for these sequences with the exception
of the bovine sequence which has recently been completed in the author’s
laboratory (Hensel and Buse, 1990) giving the only protein evidence for the
subunit I structures of so far about 20 DNA-derived sequences. Corre-
spondingly, only this sequence can be considered fully established while some
questions remain with the others including the Paracoccus subunit 1.
Among these are: In the original paper by Bonitz et al. (1980) on the yeast
subunit I, positions of introns have been deduced from the then available
human sequence (Anderson et al., 1981) which according to the extremely
dense construction of mammalian mtDNA has no intervening sequences.
Erroneous positioning has, however, been noticed, which is especially
important for the persistence of histidine 378 for tyrosine in an invariant
position of the yeast protein (Protein Information Resources, 1989). It was
further not recognized in the early papers that, also in yeast, ATA of the
mtDNA codes for methionine 87 instead of isoleucine.

In the wheat sequence (and plant sequences in general) caution is necess-
ary because of the so far not well-understood phenomenon of “editing” of
RNA messengers (Jukes, 1990; see also wheat subunit II) whereby cytosine
is changed to uracil at several codons. No evidence has been presented for
positioning of the terminal sequences or absence of site-specific modification
from the protein. Introns have not been discussed in this analysis (Covello
and Gray, 1989). There exists also no protein chemical corroboration so far
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Fig. 4. Homologous alignments of DNA-deduced sequences of subunit I of cytochrome ¢
oxidase from Paracoccus denitrificans (Haltia e al., 1987) to sequences from bovine heart
(Anderson et al., 1981), wheat (Bonen et al., 1987), and yeast (Bonitz et al., 1980). The numbers
refer to the positions in the bovine heart sequence, and the stars highlight the invariant amino
acids in this comparison.

in the Paracoccus subunit 1. Side reactions are more likely to occur in
the bacterial biosynthesis than in mitochondria. Besides positioning of an
N-terminal pyroglutamate as in the subunit IT (Steinriicke et al., 1987) and
other protein sequences of this bacterium questions remain with respect to
the C-terminus which has not been thoroughly investigated. Nevertheless the
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Fig. 4. Continued.

general framework of subunit I sequences may be considered sound on the
basis of the one-protein-derived sequence and the analytical work performed
with the enzymes or isolated polypeptides.

On this basis then, the hydroplot of these chains has been interpreted to
show 8-12 membrane penetrating sections (Welinder and Mikkelsen, 1983;
Wikstrém and Saraste, 1984). As deduced from protein chemical evidence
recently obtained after treatment with different proteases with bovine heart
cytochrome ¢ oxidase right-side-out reconstituted in phosphatidylcholine
vesicles (Willems, 1990), the general orientation as described by Wikstrom
and Saraste (1984) is correct; however, the number of membrane pene-
trations is more likely to be 10, and the N- and C-terminus may be oriented
outward, a structure which can also more favorably be packed into the M,
domain of the enzyme (Bisson and Montecucco, 1985) according to the
available 3d data (Deatherage et al., 1982). According to the highly conserved
subunit I structure, this conformation may be assumed also for the Paraccocus
protein assembled in the plasma membrane.

We have not included more distantly related subunit I sequences as those
obtained from the E. coli cytochrome o (Anraku and Gennis, 1987) and the
Thermus thermophilus caa, oxidase (Mather et al., 1988). These species do
not belong to the purple bacteria o group from which mitochondria have
originated. The phylogenetic distance in the 16s rRNA systematics leads back
to association coefficients s of 0.3 and lower and falls below the O, horizon
at about 0.55 (0.02% of present atmospheric level) (Fox et al., 1980). The
distance calculated from the available protein and gene data is in agreement
with these 16s rRNA data.

It is therefore no surprise that both proteins besides exhibiting regions
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of strong similarity—which probably is a true homology—also possess struc-
tural segments which are not common to the subunit T sequences aligned
above and thus do not allow a simple transformation of data at least from
a structural point of view. The above aligned subunit I sequences then
contain a series of conserved residues, among them 12 histidines some of
which are in positions that are likely to be involved in complexing the
canonical metal centers of hemes a, a;, copper B, and possibly the third copper.

As to speculation of the assignment of these residues and the molecules’
folding pattern to these prosthetic groups (and their relation to proximal and
distal histidines of hemoglobins) (Wikstrom and Saraste, 1984), we would
like to await the X-ray structure of the oxidase.

As outlined above, the Paracoccus oxidase subunit II has been charac-
terized by a cooperative protein chemical and genetic effort (Steinrticke et al.,
1987). In this case, therefore, there is a safe alignment to the mitochondrial
subunit II sequences, among them the bovine protein, which was one of the
first protein sequences obtained from cytochrome ¢ oxidase (Steffens and
Buse, 1976). The wheat (Covello and Gray, 1989) protein has not been
characterized protein chemically in detail (Fig. 5). The yeast sequence
(Coruzzi and Tzagoloff, 1979) has a 15-residue leader peptide (Pratje et al.,
1983) and starts with Asp-Val-Pro- (Fig. 5). Unfortunately this finding is not
considered even in the Protein Information Resource (1989) database. Also
the original papers on these DNA-derived sequences had not fully recognized
the existing alteration of the mitochondrial genetic code. Thus, in the yeast
sequence, ATA coding for positions 63, 115, and 167 had been translated as
isoleucine instead of methionine. The exact status of the proteins is again
hypothetical. However, also in subunit II the alignment is altogether convinc-
ing and several common features, whica have been used for a functional
characterization, emerge. The protein has an N-terminal two-fold membrane
sequence, indicating an amphilic character with N-terminus and a large
hydrophilic domain extending to the C-terminus at the outer side of
the mitochondrial or plasma membrane, respectively. Among the invariant
residues two histidines 161 and 204 and two cysteines 196 and 200 (bovine
numbering) and a methionine in 207 are considered important (Buse ef al.,
1978). A construction with two histidines and two sulfur-containing amino
acids can therefore invariably be deduced as a possible copper-complexing
array in agreement with spectroscopic data and has been claimed for the
properties associated with copper A (Craig et al., 1988). Cystine 200 in the
wheat sequence (bovine numbering, Fig. 5) deserves a special comment. In
the DNA sequence an arginine is coded in this position; however, the CGT
codon is changed to UGU by the mysterious “editing” of the mRNA
(Covello and Gray, 1989), suggesting that cysteine will stand in the protein
as expected.
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Fig. 5. Homologous alignment of amino acid sequences of subunit IT of cytochrome ¢ oxidase
from Paracoccus denitrificans (Steinriicke et al., 1987) to sequences from bovine heart (Steffens
and Buse, 1979), wheat (Covello and Gray, 1988), yeast (Coruzzi and Tzagoloff, 1979), and of
the 35-kDa subunit B of the caa;-type terminal oxidase from Thermus thermophilus (Buse et al.,
1989; Mather e al., 1990). The stars highlight the invariant amino acids in this comparison. Solid
lines identify the amino acids which are removed by post-translational processing in the
Paracoccus (Steinriicke et al., 1987) and yeast (Pratje ez al., 1983) proteins. Numbers refer to the
bovine sequence.
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The above alignment of mitochondrial and the more closely related
Paracaccus sequence does not limit the invariant histidines to two; this is,
however, the case if the subunit II homolog sequence of the 35-kDa subunit
of the Thermus caa;-oxidase (Buse ez al., 1989; Mather et al, 1990) is
included (Fig. 5). Though this is a different molecule, this information will
probably exclude the possibility of complexing additional redox active metal
centers in the chain, which then are positioned in subunit I. Also the
Trypanosoma sequence (Hensgens ef al., 1984) has been used for this argu-
mentation. However, its DNA-derived structure is not in agreement with the
systematic position to be expected for this species and thus indicates that
something must be different with this enzyme.

Another completely invariant feature among the Paracoccus and mito-
chondrial sequences is the ~Trp-Tyr-Trp-X-Tyr-Glu-Tyr- cluster. This has
been suggested to be involved in electron conduction between copper A and
an accepting centre in subunit I (Steffens and Buse, 1979). The authors have
even speculated about the possibility of coupling of e~ and H* translocation
at this site via the tyrosine half-chinone interacting with an invariant carboxyl
(Buse et al., 1984) (Glu in this sequence or heme a propionyl). Such specu-
lation has to await the X-ray data, which in the case of the bacterial photo-
reaction center tell us that even very fast e” -conduction (tunnelling) via
protein structures seems not to require a special (aromatic) arrange-
ment (Huber, 1989). Rapid electron equilibration between an aromatically
sandwiched two-copper couple may still be possible at this site.

Though clearly homologous, the Paracoccus protein deviates from the
mitochondrial species in some characteristic positions which describe a dif-
ferent high-affinity binding to a ¢ cytochrome. Among these are Lys 120, Tyr
134, Ala 137, Leu 151, and Lys 212 where charges have disappeared or are
inverted. Others, as for instance Asp 158, close to the putative copper ligand
His 161 are preserved.

Comparison of the sequence alignments of subunits I and II and the
c-cytochromes of these species show that subunits I and cytochromes ¢ both
exhibit a similarly conserved structure with about 60% identity among the
animal, plant, and fungal kingdoms and about 50% of these to the Paracoccus
subunit I and cytochrome ¢, sequences. Subunit II giving about 44% and
33%, respectively, is not that much conserved. This is surprising if there is a
strict cytochrome ¢ — subunit II — subunit I arrangement of e flow. An
explanation may be that the hemes pose additional structural constraints on
both cytochromes.

Sequence and functional comparison between the mitochondrial sub-
units I and 1T and the corresponding Paracoccus sequences as depicted above,
gave the first firm evidence for these two proteins as functional, catalytic
subunits in respiratory complexes IV (Steffens ez al., 1983). In addition, it
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Azurin YEFFCS--CFPGHGAGMVGKV

Subunit II YFGQCSELCGINH~-AYMPIVV
Cytochrome c oxidase

N,0~Reductase ¥Y——E§WFEHAL&I—ME1:IVGRM

Fig. 6. Alignment of partial sequences—copper binding motive—of azurin from Pseudomonas
fluorescens (Adman et al., 1979), subunit II of cytochrome ¢ oxidase from Paracoccus denitri-
ficans (Steinriicke ef al., 1987), and N,O-reductase from Pseudomonas stutzeri (Viebrock and
Zumft, 1988).

demonstrated the prokaryotic origin of aa, oxidases. This being established,
it is not surprising to find connections between the terminal segments of
bacterial electron transport chains (e.g., of bacterial photosynthesis or photo-
phosphorylation) and electron-conducting units of cytochrome ¢ oxidase.
These have been found for subunit II (Buse et al., 1978). Figure 6 shows an
alignment of partial sequences of the Paracoccus subunit II with the small
blue copper protein azurin from Pseudomonas fluorescens (Adman et al.,
1978) and a C-terminal sequence of nitrous oxide reductase from Rhodo-
pseudomonas stutzeri (Viebrock and Zumft, 1988). In both cases a sufficient
scoring of homology can hardly be derived solely by computation but needs
the additional assignment as “copper protein” to identify and align the
two-histidine-two-sulfur amino acid copper binding site. The proteins are
clearly different in function and structure but still contain a certain motive
which may indicate a remote phylogenetic relationship. No such relation has
yet been found for subunit I or parts thereof.

Cytochrome Oxidase and the Growing O, Atmosphere

In the natural system of prokaryotes the photosynthetic purple bacteria
and their nonphotosynthetic relatives are divided in four subgroups, «, f, 7,
0. According to the 16s rRNA phylogeny, their common origin reaches back
beyond the earth O, horizon (Fox ef al., 1980). The O, atmosphere started at
about —?2 billion years after exhaustion of the soluble marine Fe'' and
formation of the well-determined Fe,0, deposits (Levine, 1988). This leads to
the conclusion that “it is clear that aerobic respiration has arisen many times;
in the purple bacterial group, in particular, there are three clear examples of
it and perhaps many more. Although the evolution of aerobic metabolism is
not always associated with photosynthetic phenotypes, initially it often is”
(Fox et al., 1980).

Paracoccus denitrificans belongs to the purple bacteria o group (Stacke-
brandt, 1986). This group is also the source of mitochondria (Yang et al., 1985).
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The symbiotic event is dated back at about — 1.5 billion years or less
(Cavalier-Smith, 1987) and thus falls into the growing O, atmosphere.
Cytochrome ¢ oxidase of Paracoccus denitrificans(Fig. 7) then is a descendant
of the same invention of O, respiration as mitochondria. Other O,-
consuming bacterial oxidases as, for instance, cytochrome o of E. co/i and the
caa, oxidase of Thermus thermophilus or the PS, enzyme, do not fall into this
continuum and represent independent developments toward the energy-
conserving O, respiration.

Though there is obviously a common genetic substrate seen in the
sequences of the heme and copper-binding subunits which reaches back to
the origins of eubacteria (Buse ef al., 1989), the respiratory use of O, in those
enzymes is a convergent development. Structural similarity then cannot
simply be interpreted as homology.

The idea of horizontal gene transfer has sometimes been used to explain
related functions in apparently separated systematic categories of
prokaryotes. The available evidence, however, is not in favour of this idea.
Independent data obtained from cytochrome ¢ (Dickerson et al., 1976),
ferredoxin (Tanaka et al., 1971), and the 5s rRNA and DNA/RNA hybrid-
ization are in line with 16s rRNA data (Fox er al., 1980). This is also the case
for sequences of terminal oxidases from prokaryotes themselves. As shown
in Fig. 7, Paracoccus denitrificans is relatively close to mitochondria while the
Thermus 70-KDa subunit represents a very remote relative of the same
genetic material reaching back to the origin of eubacteria. Again the rela-
tive distances are in agreement with the 16s rRNA data. The primary
function and the origin of the common genetic substrates, cooperating
copper, and heme proteins, is not known. Photosynthetic and non-
photosynthetic electron-transport chains of prokaryotes, however, provide
examples of small blue copper proteins and ¢ cytochromes, whose genes
may have been fused—as in Thermophilus (Buse et al., 1989)—and then
duplicated to give the 2 copper/2 heme canonical catalytic center of cytochrome
oxidase.

The functional step of O, respiration from purple bacteria to mito-
chondria shows that the most successful use of oxidative phosphorylation has
not been made by the prokaryotes which invented this bioenergetic hit but by
the “urkaryote” with its superior genetic capabilities: “managers dominate
inventors.”
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